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Nicotine exposure diminishes the protective breathing and arousal 
responses to stress (hypoxia). By exacerbating sleep-disordered 
breathing, this disturbance could underpin the well established 
association between smoking and the increased risk of sudden 
infant death syndrome. We show here that the protective re- 
sponses to stress during sleep are partially regulated by particular 
nicotinic acetylcholine receptors (nAChRs). We compared re- 
sponses of sleeping wild-type and mutant mice lacking the p2 
subunit of the nAChR to episodic hypoxia. Arousal from sleep was 
diminished, and breathing drives accentuated in mutant mice 
indicating that these protective responses are partially regulated 
by ^2-containing nAChRs. Brief exposure to nicotine significantly 
reduced breathing drives in sleeping wild-type mice, but had no 
effect in mutants. We propose that nicotine impairs breathing (and 
possibly arousal) responses to stress by disrupting functions nor- 
mally regulated by ^2-containing, high-affinity nAChRs. 

Smoking during pregnuacy sigiuUcantiy increases perinatal 
and intant morbidity and mortality. It is now the most 
important independent risk factor contributing to the sudden 
infant death s\ndrome (SIDS) (1, 2) The most compelhng 
hypothesis for the hnk between smoking and SIDS is that 
nicotine in tobacco diminishe";, among other things, crucial 
breathing and arousal responses 
pauses in breathing (apneas) are 
accompanying stress (hvpoxia) : 
protective, cardiorespiratory exci 
A diminished sttes"; te";ponse c 
aggravating perinatal injurv and ulti 
(5-9) - 



during sleep (3). Br 

p, but the 
rmally provokes a powerful, 
tion and arousal response (4). 
;erbates apnea and hvpoxia, 
laliiiu SIDS 
'ation of 



highK ",().'/.'( LholiiMgi. utqMois(i.A( hRs), which 

are present m the carotid bodies (the principal hvpoxic sensors) 
and ciilital In ■iii'-Uiu luicki, slkIi llic niitleiis ol the solitary 
tract and locus coeruleus (5, 10-12). nAChRs at these sites 
contribute to the cholinergic modulation of breathing and 
arousal (13, 14). Interference with the normal function of these 



nAChRs is the presumed basis of the detriment 
nicotine (15). Here we investigated the r( 
ular nAChR subtype in modulating critic; 
to stress during sleep. 
The nAChRs foim i famiK of pcnlamL 



I side effects ( 



rousal). We studied n 
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the /32 nAChR subunit has been d^ i mii 1 to gain 

insights into the regulatory roLs ilir nAChR 

subunit Studies of mutant mict, i h it the /32 

containing nAChRs are crucial in rciiuiaiini! aspects o! waking 
behavior (17). Here we demonstrate that crucial protective 
responses mounted to stress during sleep are also partially 
regulated by nAChRs containing this subunit. 

Methods 

Animals. U'c used aee-matched wild-tvpe and mutant mice 



hckina the /32 n \C hR -iibunii i. 
male C57BL/.I0) wikl-ivp 
siblings from parents I 
C57BL/J6 inbred mice. \ 
ture-controlled room (22- 
wcrc proMded with w iU 
habituated to the labor;i 
postnatal dav (P) 35- 



,7). Iffa-Credo supplied 
and male ACNi32 mutant 
3d for 12 generations to 
housed m a quiet, tempera- 
ler a J 2-h light-day cycle, and 
[ood pellets ad libitum: they 
i-.^ weeks, before study at 
il was granted by the 



French Ministere de 1 Agriculture et de la Foret; all procedures 
conformed with the guidelines of the Institut National de la 
Sante et de la Recherche Medicale. 

Reverse Transcriptase-PCR. Three wild-type C57-BL6 were killed 
by cervical dislocation, and the six carotid bodies rapidly re- 
moved. Total RNA was isolated from whole carotid bodies by 
using TRIZOL reagent (GIBCO/BRL, Life Technologies); 1 /xg 
of total RNA was reverse transcribed with the Superscript 
prcamplification system (GIBCO/BRL, Life Technologies), and 
1/20 of the reaction product was amplified by PCR. The 
methodology and oligonucleotides selected for nAChR subunit 
detection were as used (12). Tyrosine hydroxylase detection was 
used as a positive control (5). DNA products of amplification 
were analyzed by gel electrophoresis stained with ethidium 
bromide. 



Plethysmography. Ventilation was measured by whole-body pleth- 
ysmography (18). Pairs of mice of the same genotype were 
studied on alternate days. To facilitate sleep onset, all mice were 
permitted a long period of pretest familiarization inside the 
measurement chamber (overnight before study). Mice were 
studied at environmental thermoneutrality (26-28°C). No re- 
straint was used; mice explored the plethysmograph, groomed, 
and so forth, until sleep ensued. Recording commenced at sleep 

/Acute effects of nicotine. At sleep onset, baseline data (breath- 
ing air) were recorded for 10 min; the plethysmograph was then 
opened, and the mouse injected i.p. with either 100 juil of saline 
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Fig. 1. Nicotine diminishes the drive to breathe in sleeping wild-type mice. Ventilation (Ve) was measured by whole-body plethysmography {A) after a single 
i.p. injection of saline (O, morning studies) or nicotine (■, 0.5 mg-kg-', afternoon studies). The HVR (period of hypoxia = shaded panels) was then recorded at 
+ 1 3 min, (S, mice awake) and again 1 h after injection (asleep, O. Only HVRs elicited during sleep are shown (D and E). The downward displacement of the curve 
of wild-type mice signaled diminished ventilatory (breathing) drive after nicotine exposure (D; *, P = 0.015), an effect not evident in mutant mice (£; P = 0.8 



(morning studies), or the same volume of saline 4-0.5 mg-kg"^ 
nicotine tartrate (afternoon studies) (17). The mouse was then 
returned to the plethvsmoaraph, whicli was resealed, and re- 
cording recommenced. 11k: i cs|n)iiso to a single 10-min hypoxic 
challenge vi as recorded at i.-^ mm alu r (ii|ection. Sleep resumed 
at ^O-dO mm after mjn ii ill i u is repeated at 60 mtn 
(i 1 tin 'I 1} I (1 i I ond li\poMC challenge, 
\ I i ' I ii 1 li moil III \ (i.e., carotid 

Response to two cycles of episodic hypoxia. At sleep onset 
baseline breathing was recorded for 20 mm; two to three brief O2 
pulses were administered during this period to measure periph- 
eral drive. Then two cycles of 10-min hypoxia-5-min normoxia 
were administered, followed by an O2 pulse at the end of the 
second hypoxic cycle. Hypoxia consisted of 13% O2 + 2% CO >, 
balance N2. Each mouse was tested twice (morning and after- 
noon) on the same dav, and a mean response calciilaicd. 

Response to five cycles of episodic hypoxia. Usma similar meth- 
ods \\c idministLitd c\(.ks ol 10 min i - noi 
mo>iito idilkuntgioupof mice cull mm 1 1 ill} 
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two to five challenges administered; respiratory volumes were 
expressed as absolute values normalized for body weight (mi- 
croliters per gram), and as a percent of control basehne (= final 
3min in air precedina hvpo.xta). The decline in Ff in O2 (AKp) 
the 10-poiiit iiiiiiimuiii moving average Fp during the ir 
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Nicotine Diminislies Breathing Efforts in Wild-Type but Not ({2 Mutant 

Mice. Nitoiint. e\posure attenuates the iti 2 

renliiUoT\) el toils during hypoxia (5, 6) ^ , ho^^ 

hue! exposine lo naotine (0.5 mg-kg"') alteiv 1 ins 

ol mutant and wild-tvpe mice. Mice were studied bv usmg a 
nonimasne technique (Fig M) Breathing t minute ' entil ition 
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displaced downwards in wild-type mice, iiiili(.ating that iIk duve 
l{> breathe had diminished significantly in these mice (Fig. ID). 
Nicotine had no effect on breathing in sleeping mutant mice 
(Fig 
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Fig. 2. Tine arousal response to episodic liypoxia is attenuated in ^2 mutant mice. Either 20 min (A) or 50 min (B) of episodic hypoxia were administered; arousal 
from sleep was defined by movement (MVT) artifact (O. The arousal response from mutants (□) was consistently lower than from wild-type mice (■) to both 
stimuli (•,/>= 0.01 5). 
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hypoxia were administered during sleep. Arousal was defined by 
agitation (movement lasting >J sec; Fig. 2C). Hypoxia elicited 
a dose-dependent increase in arousal time irom all mice, but 
mutants were consistently less aroused, indicating that arousal 
thresholds were higher in these animals (Fig. 2D). 

Respiratory Responses to Hypoxia Are Accentuated in fi2 Mutant Mice 

Deficits m the contiol mti i.luI aion ol hu hIiiiil iluiiiis. skLp 
can accentuate respiratory instability and lailure, and arc im- 
plicated m SIDS pathophysiology (.5-8). W e compared breathing 
patterns of wild-type and mutant mice lor evidence of abnormal 
respiratory control during sleep. At rest (in air), mutants were 
significantly hvnopneic: the weight-adjusted minute volume was 
less HI 111 n h n m ,Mld type mice (Vr 16 ± 2 vs 18 ± 2 
u\ s "I because ol the smaller bieath volume 

()- vs 6 2 < (I 6 pig I /' 0 055) 
bujili HI it. impiiable(%2±'ilvs ^47±40ms,P = 
aised I I Ui use iiid I ill (1 ig VI) The 
s elitileil 1 peisisteiU senlildloiy Ituili 
St ( Hid sLibse(|iiem) leeme!} [)e!iods in 
>. luit. (1 Ig s I) 1 leilit Uion in wild 
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the strength of peripheral respiratory dmc residual breathing 
reflects ongoing central drive (Figs. 4 A and B). We used this 
method to compare the peripheral contribution to respiratory 
drive of mutant and wild-tvpe mice. Brief O2 pulses were 
administered at rest (air) and end-hvpoxia (Fig. 2A). Peripheral 
drive was comparable between genotypes at rest (Fig. 4C). At 
end- hypoxia, however, peripheral drive was significantly less in 
the mutant, although these mice remained relatively hyperpneic 
("afterdischarge ; Fig. 4D). The presence of afterdischarge in 
mutants is indicative ol a long-lasting, posthypoxic augmentation 
of central respiratory drive in mutants (20). 

Carotid-Body nAChR Subunit Expression. 1 he activity ol the carotid 
bodies, the principal hypoxic sensors, is partly regulated by 
nAChRs. Only two nAChR subunits (a4 and a7) are so far 
known to be present in this organ (21, 22). If the /32 subunit is 
also normally expressed, dysfunction of nAChR oligomers con- 
taining this subunit could result m abnormalities m particular 
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Fig. 3. Respiratory responses to hypoxia are accentuated in j82 r 
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Fig. 4. Hypoxia increases central respiratoryc 
hyperoxia rapidly diminished breathing efforts (A and S; 
wild-type mice). The fall in ventilation (AUe) measured peripheral drive, which 
was comparable for both groups of mice at rest (O. but after a period of 
hypoxia, was less in mutants (D). The persistent hyperpnea of mutants in O2 
("afterdischarge," B) probably originated centrally. 



low basal central nervous system (brainstem, suprapontine, 
and/or metabolic) drives during sleep (27, 28). Mutants, how- 
ever, exhibited a more vigorous than normal ventilatory re- 
sponse to hypo.v'i;!, imlifiiliiig absence of /32-ci)ntaining 

nAChRs either potentiates excitatory, diminishes inhibitory 
(e.g., dopaminergic) neuromodulation of hypoxic drive, or both. 
Hypoxic responses are highly variable within most species, 
including mice; a contributing factor may be variability in the 
expression of genes encoding the different nAChR subunits (29). 
Our findings indicate that variable expression of the j32 subunit 
partially predetermines respiratory control settings and hypoxic 
responsiveness during sleep. 

Hypoxia typically provokes compensatory changes ("neuro- 
plasticity") in respiratory output, which helps maintain breathing 



Fig. 5. Agarose gel electrophoresis of 1 
ucts from total RNA of murine carotid 
subunits a3, a4, w5, al , 132, and /34, ai 
detected. 



ifterdischar 
.curoplas 



and efficiency under stress (30-32). Facilitation and 
classical examples of hypoxic respiratory 
;0), were dramatically accentuated in mil- 
tants (Figs. 3 and 4). These phenomena reflect persistent 
hypcrcxcitability of the brainstem and /or respiratory motoneu- 
ron pools that drive breathing. The underlying cause, enhanced 
central synaptic transmission, is activated by a mechanism that is 
normally e.Kquisiiely sensitive 10 ihe paiiern of hypoxia (19, 30, 
31). FaciUtation, for example, is a gradual response to repetitive, 
intermittent hypoxia, as we observed in wild-type mice, but is not 
usually triggered by brief sustained hypoxia, as occurred in 
mutants. This difference indicates that pattern sensitivity in 
hypoxic respiratory neuroplasticity, an important mechanism 
underpinning compensation during respiratory failure, is partly 
encoded by a /32-containing nAChR-dependent processes. 

These findings indicate that a variety of responses to hypoxia 
are either less vigorous, or occur more slowly when the (32 
subunit is expressed (i.e., in wild-type mice). This indication 
implies that activation of /32-containing nAChRs, either by 
endogenous ACh or agonists such as nicotine, up-regulates the 
inhibitory modulation of breathing. Excessive or prolonged 
activation of these nAChRs, by disturbing the carefully main- 
tained balance between excitation and inhibition, could exacer- 
bate sleep-disordered breathing (33). Part of the sequence of 
events triggered by nicotine exposure could involve (i) over- 
stimulation of high-affinity, )32-containing nAChRs. leading to 
(ii) potentiation of inhibitory drives, which ultimately (iii) de- 
presses breathing, including, perhaps, compensatorv responses 
■ ■ B hypoxia dm' ' - - 
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cardiorespiratory failure during slee[), are ol'U 
(e.g., brainstem) abnormalities (11.). Here wi: 
an arousal deficit can also be associated wiiii 
mality in ihc expression of a particulai- th-, 
recep'tor. Afferent feedback to central nervou 
promoting structures, particularly from mechi 
monitor hypoxic physical distress (increased i 
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thresholds thus seem to he raised m I he absence of 
functional /32-con(aining nAC'liRs, which I.. -, .! . 
synaptic Iransmission al peripheral and ccnl!:i! .- . ,■• 
hypoxic neural arc. The latter may be tTio ^ : • . ■>.. 
exaggerated respiralory facilitation and aflerilisclia,.', ■■. 
the mutant indirectly indicates that central processing of pcripii - 
eral hypoxic drive is abnormal in these animals. It is not 
necessarily a contradiction that primitive brainstem reflexes 
regulating breathing can be excited, but complex cortical 
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H)nscs can be simullaneously Jcnu ssed in mulant 
'iiisal piOLess IS pailly in! kk ' ' ' 
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- ' '^N*- hR sii.i'L.i ..,on aic absent 
liisi^qik Mil s 1)1 Ihis cimld 
\ . uan^ini^sion oi heighlcned inhibitory 

gating ol hypoxic allerent drive within the central nervous 
system, delaying and depressing the sleep-wake transition (14, 
18). If particular nAChRs affect how arousal mechanisms de- 
velop, overactivitv due to nicothie exposure, like underactivity in 
mutants, could he si mi I iib detiimeiit il to the iinimj! postnatal 
development oi I his inipo! I 111 pio i r ' vi" n 

Multiple n-\ChR Mibuim i uis ip i t ni. 'i, v i fil 
subunits, were piesent glob lib in tk t itoiu h Op " hjsis 
of this nAChR transciipt prolile, at least tht . ^mo ^ \ s ol 
nAChR ollgomeis tan be pusenl heU i 
containing, and homomt nc «7 nAC hRs ( Hi) liIi vuni 

cell types or groups of cells need not necessauly expiess all 
subsets of the nAChR mRNA we detected (12, 37), discrete 
pools of functional nAChRs oligomers could exist with a par- 
ticular ultrastructural distribution within the carotid body. Onlv 
two (a4 and a?) subunits are definitely known to be present ;is 
proteins in crucial structures such as the glomus (chemosensoryi 
cells and carotid sinus (afferent) nerve terminals (21, 22). We do 
not know whether the j32 subunit is also present as a protein, but 
if i82-containing nAChRs are present in these structures, one of 



their lunctions mav !x 



lates carotid-body activity alter nicotine exposure is not clear 
from our data. 

In summary, the nAChRs are crucial in fine-tuning breathing 
during sleep, and are essential for the normal dcvclopmcni ol 
aiousal mechanisms. Disi uplinu lh>. it iiuLiU)! \ K'L 
nA( hR subtypes disluibs ih;. dv-licak baLinn. b^iu, 
loiy and aiousal i.'-pcMis s 'o \v po\i •-I't'-s Di--' ■ n>. 
balance belwi . • - ,- - , \ac- 

erbate respiral t La'ot ('I'nnL' sleep iiid mt\ be pjit of 
sequi.,nLt, ol ^ ' ^ ..I'hi M-i o|■^!OSln 

unborn or newborn babies chronicallv exposed to nicotine. 
Clarilving the role played by particular (e.g., 62-contaming) 
nAChRs m the pathophysiology associated with nicotine expo- 
sure may ultimately aid development ol therapeutic approaches 
to prevent, treat, or reverse its side eltects. 
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